Abstract. Zoanthid taxonomy is currently in a state of chaos, with many described species very few of which can be reliably identified. As part of a genetically based, objec-
Introduction
The Zoanthidea (Anthozoa, Hexacorallia) are a relatively little studied order of mainly colonial cnidarians, common throughout the tropics. Some species, particularly Palythoa spp. and Zoanthus spp., occupy large amounts of
Correspondence to: W. J. Burnett *Present address: Scottish Association for Marine Science, PO Box 3, Oban, Argyll PA34 4AD, UK space on reef flats and crests (Karlson 1983; Muirhead 1989; Ryland and Muirhead 1993; Burnett 1995b; Burnett et al. 1995) . The taxonomy of zoanthids is badly in need of revision. Identification has previously been certain only to generic level (Ryland and Muirhead 1993) . Taxonomic reviews have historically been confounded by high levels of morphological variation within and between supposed species. Of the four families within Zoanthidea, the Zoanthidae are the most ubiquitous and important group on the Great Barrier Reef, and hence the most in need of revision. Sixty species of Zoanthidae are described from the central Indo-west Pacific (Walsh and Bowers 1971) but the true number is unknown. At least 25 are described or reported from the Great Barrier Reef and Torres Strait regions of northeast Australia (Hertwig 1882 (Hertwig , 1888 Haddon and Shackleton 1891; Saville-Kent 1893; Wilsmore 1909; Carlgren 1937; Ryland and Muirhead 1993) . From their descriptions many of these species appear to be identical, or are distinguished on the basis of characters more recently shown to have no taxonomic significance (Muirhead 1989) .
In the present study, a genetic approach was used to evaluate the number of zoanthid species present in northeast Australia. Specimens were first placed into loose morphological or ecological groups, and the genetic integrity of these groups was then tested using allozyme electrophoresis. Groups which appeared to be genetically indistinguishable were merged, while those which appeared to contain genetic subgroups (individuals or groups of individuals with unusual allele combinations) were split. Discrete genetic groups of zoanthids which occur sympatrically were considered to be reproductively isolated from one another, and hence to be biological species. (We subscribe to Mayr's 1992 view that biological species concepts are meaningful in almost all systems including mixed sexual and asexual breeders and those groups which routinely hybridise, such as many plants and cnidarians.) Electrophoretic data have previously helped in the resolution of similar taxonomic problems in other Cnidaria, notably Actiniaria (Carter and Thorpe and Thorpe 1987 Thorpe , 1992 and Scleractinia (Ayre et al. 1991; Weil 1992; Garthwaite et al. 1994; Stobart and Benzie 1994) . This approach is not unlimited in its application, particularly since some closely related species may show very little or no differentiation at allozyme loci (Sole´-Cava et al. 1985; Miller and Benzie in press) . However it offers a valuable first assessment of zoanthid biodiversity in the Great Barrier Reef and Torres Strait and gives the first truly objective appraisal of morphological variation as an indicator of species identity in this group.
Allozyme data can be used to make phylogenetic inferences about the relatedness and evolution of taxa (Avise 1974; Felsenstein 1981; Buth 1984) . Evolutionary studies of zoanthids have been hampered by the same problems as taxonomy, i.e. difficulties interpreting anatomical characters. There are no known fossils of zoanthids to cast any light on the history of the group (Wells and Hill 1956 ), but genetic data have the potential to offer valuable insights. This study used allozyme electrophoresis to determine species boundaries in Great Barrier Reef zoanthids and to examine evolutionary relationships within this group.
Materials and methods
355 zoanthid specimens were collected from 19 locations during [1992] [1993] [1994] (Fig. 1) . Specimens from each locality were initially assigned to one of ten morphological or ecological groups (''forms'') in four genera, for a total of 45 'samples' (combinations of form and locality). For some forms it was possible to assign names based on (Burnett et al. 1994; Burnett 1995b; Burnett et al. 1995 Haddon and Shackleton, 1891 , in the family Parazoanthidae, were collected from Bowden Reef for use as a genetic outgroup in phylogenetic analyses. Fourteen allozyme loci coding for eleven different enzymes were screened using starch and cellulose acetate gels. The enzymes, buffer systems and running conditions used are shown (Table 2) . Zymograms were visualised using stain recipes modified from Harris and Hopkinson (1976) . Alleles were labelled according to their mobility relative to the most common allele in Palythoa caesia, which was assigned a mobility of 100. Where multiple loci were detected for a single enzyme, loci were labelled numerically starting with that migrating fastest. Full details of specimen preparation, stain recipes and interpretation of allozyme banding patterns are given in Burnett (1995a) .
Each specimen was initially checked to see whether it had any unusual alleles, or combinations of alleles, compared to the majority of specimens of that particular form in all samples. Individuals which carried rare alleles at any particular locus were not regarded as unusual if they also had a common allele, or had the same rare allele as another specimen which was heterozygous for a common allele. Unusual individuals were considered possible members of sibling species. This approach may have difficulty in identifying unusual individuals if the number of sibling species sampled approaches sample size, however this did not appear to be a problem with our data set. Of the 355 specimens analysed, two specimens of Protopalythoa form 2 from Ross Reef (Fig. 1) were considered genetically unusual. These two specimens shared GPI*, MDH-1* and ME* alleles with each other, but shared no alleles at these loci with any other Pro. form 2 specimens. These two specimens were redesignated Pro. form 3 and were considered a separate sample in further analyses.
The BIOSYS-1 computer package (Swofford and Selander 1981 ) was used to calculate gene frequencies from multi-locus genotypes, to perform exact tests for conformance to Hardy Weinberg predictions of genotype frequencies using Levene's (1949) correction for small sample size, and to calculate Nei's (1978) unbiased genetic distance (D) among samples. Exact tests were used as they are not (Poulik 1957) adversely affected by low expected values often encountered in small samples with rare alleles present (Lessios 1992) . Significance values were corrected for multiple simultaneous tests (Miller 1980; Lessios 1992) . UPGMA cluster analysis of the 45 samples was performed using the PHYLIP computer package (Version 3.5c, Felsenstein 1993) . Samples were assigned to one of seven discrete genetic groups, on the basis of genetic distance, the cluster analysis and fixed gene differences which indicated reproductive isolation of groups from one another. Each discrete genetic group was considered to represent a biological species.
Gene frequencies within species were pooled from all locations prior to phylogenetic analysis. This provided a conservative estimate of gene frequencies encompassing intraspecific variation within NE Australia. Alleles with frequencies less than 0.1 were combined with the most common allele at each locus for each genetic group. PHYLIP was then used to estimate a phylogeny using a maximum likelihood method (CONTML) which treats loci as characters with allele frequencies as unordered polymorphic states (Felsenstein 1981) . The tree was constructed using the global optimisation option and ten random rearrangements of the species input order, using Parazoanthus dichroicus as an outgroup. The robustness of the phylogeny produced was estimated by bootstrapping 100 times using global optimisation. The number of random rearrangements for each bootstrap was kept to three to limit run time.
Results
Samples from all three forms of Palythoa appear to be genetically homogeneous with no fixed gene differences or clear differences in gene frequencies among them (Table 3a) . In contrast, three genetic groups are apparent in Protopalythoa forms (Table 3b) . Pro. mutuki is separated from Pro. form 2 by one fixed gene difference (at GPI*), and from Pro. form 3 by two fixed differences (at Me* and Hk*). Pro. forms 2 and 3 are separated by 3 fixed differences (at GPI*, MDH-1* and ME*). There are major allele frequency differences at most loci. Gene frequencies of Zoanthus forms (Table 3c) show no major differences within or among samples of Z. coppingeri, Z. form 2 or Z. form 3. However Z. vietnamensis shows fixed differences from all other Zoanthus forms at seven loci (ENO*,¸GG-2*,¸P*,¸¹-1*,¸¹-2*, MDH-1* and MDH-2*). Data for Sphenopus marsupialis and Parazoanthus dichroicus are unremarkable and are also shown in Table 3c .
There were no significant deviations from Hardy-Weinberg predictions of genotype frequencies in any sample using exact tests (data not shown). UPGMA cluster analysis of values of Nei's unbiased D among samples demonstrates seven genetic groups of Zoanthidae from the GBR, separated by fixed gene differences, and demonstrates their relatively distant relationship with Parazoanthus dichroicus (Fig. 2) .
Samples of all three forms of Palythoa are mixed together on the UPGMA tree and genetic distances among samples are low (Fig. 2 ). There were no significant deviations from Hardy-Weinberg equilibrium if gene frequencies from the three different forms were pooled within localities, indicating no obvious departures from random mating among forms. The possibility remains that there may be undetected genetic differences among the three forms, and further study of the basis of morphological variation would clearly be worthwhile. For the purposes of this study, however, all three forms are considered to represent intraspecific variation in a single species, identified as P. caesia (Dana, 1846) .
There are two highly unusual individuals among the Ross Reef Protopalythoa form 2. These two individuals show fixed gene differences from all other combined Pro. form 2 samples at three loci (GPI*, MDH-2*, ME*) and major gene frequency differences at several others. When treated as a separate population in the UPGMA analysis, they cluster closer to Pro. mutuki than to Pro. form 2, but fixed gene differences at HK* and ME* preclude their inclusion with Pro. mutuki. Values of D are lower within forms of Protopalythoa than between forms. We consider that our samples represent 3 species of Protopalythoa: Pro. mutuki Haddon and Shackleton, 1891, Pro. sp. 2 ("form 2) and Pro. sp. 3 ("form 3).
No unusual populations or individuals were detected among the Sphenopus samples from three locations, and there is no evidence for the presence of more than one species. Specimens are all identified as Sphenopus marsupialis (Steenstrup, 1856) .
Zoanthus coppingeri, Z. form 2 and Z. form 3 samples are mixed together in the UPGMA cluster analysis. Values of D are no higher between than within these forms and there are no fixed differences among them. When data 
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IDH* was monomorphic for the allele IDH*80 from sympatric samples were combined, there were no significant deviations from Hardy-Weinberg equilibrium with the exception of ENO* from Kissing Point which shows a significant deficit of *79/*61 heterozygotes (expected 5.2, observed 0). In contrast, Z. vietnamensis shows fixed gene differences from all other Zoanthus samples (including sympatric Heron I. Z. form 3) at seven loci (ENO*, LGG-2*,¸P*, LT-1*,¸¹-2*, MDH-1*, MDH-2*) and D is correspondingly high ('1.4 in all comparisons of Z. vietnamensis with other Zoanthus forms). Our samples are considered to represent two species, identified as Z. coppingeri Haddon and Shackleton, 1891 and Z. vietnamensis Pax and Muller, 1957 . The large differences seen among these two species suggest they may not be congeneric if genetic data are considered in isolation. While genetic distances were relatively small within groups, some genetic heterogeneity was evident among samples of all genetic groups. This may reflect intraspecific genetic structure within the GBR region which has previously been observed in Palythoa caesia (Burnett et al. 1994) and Zoanthus coppingeri (Burnett et al. 1995) . The effect may have been exaggerated by sampling errors due to our small sample sizes. Data for each group from all locations were pooled prior to phylogenetic analysis in order to give a conservative estimate of gene frequencies throughout the region of study. Pooled data for all samples of each species are highly variable (Table 4) with many loci being polymorphic and with high average heterozygosities. The large number of alleles detected meant there was a risk that some rare alleles shared between species may have represented stochastic convergence of electromorphs. In phylogenetic analyses, common alleles were considered more likely to be evolutionarily significant or informative than rare alleles. Additionally, the small sample sizes necessitated by the broad scope of the study introduced the risk that rare alleles were not sampled in some populations. This can affect phylogenetic reconstructions when polymorphic synapomorphies are common (Hillis 1987) . To minimise the effect of these two problems, alleles with frequencies of less than 0.1 were combined with the most common allele in each locus for each species prior to phylogenetic analysis.
The phylogeny estimated from maximum likelihood analysis is shown in Fig. 3 . Relative positions of Palythoa caesia, Protopalythoa mutuki and Pro. sp 3 are highly variable among the set of bootstrapped trees. The positions of Zoanthus coppingeri, Z. vietnamensis and Sphenopus marsupialis are more robust, but still show some flexibility. Overall bootstrap support for the phylogeny is low, however the tree is well supported by the available morphological data which is discussed in more detail later. The tree confirms the monophyly of the Palythoa/Protopalythoa group and their close relationship with Sphenopus as proposed by Haddon and Shackleton (1891) . Zoanthus appears to be paraphyletic.
Discussion

Species on the Great Barrier Reef
Genetic evidence points to the existence of a relatively small number of species of GBR Zoanthidae. Only seven were detected in the samples collected, identified as Palythoa caesia, Protopalythoa mutuki, Pro. sp. 2, Pro. sp. 3, Sphenopus marsupialis, Zoanthus coppingeri and Fig. 2 . UPGMA cluster analysis, using Nei's (1978) Z. vietnamensis. This is substantially fewer than the 25# species described or previously reported from the region. We have identified five of the seven species described here from the literature. These five are considered to be probable senior synonyms of at least eighteen other nominate Australian species listed by Burnett (1995b) . Pro. sp. 2 and Pro. sp. 3 could not be identified with any previously described species from Australia, although sp. 2 has been the subject of reproductive and developmental work by Babcock and Ryland (1990) and Ryland and Babcock (1991) . These species may be described from elsewhere in the Indo-Pacific region.
The samples collected in this study include a wide range of morphologies from a variety of habitats. Our data suggest that not all morphological or ecological groupings represent evolutionarily independent taxa. The misinterpretation of this variability is probably responsible for the large number of described species found in the literature. This has already been shown to be the case for the zoanthid genus Isaurus (Muirhead and Ryland 1985) . It appears likely that the number of zoanthid species found on the GBR, and probably worldwide, has been greatly exaggerated.
All three forms of Palythoa are genetically homogeneous and are considered a single species. It is possible, however, that a more powerful analysis may reveal genetic markers for the distinctive morphologies seen in this genus and cast more light on the intra-or interspecific nature of this morphological variation. Three of the four Zoanthus morphs examined also belong to a single species. The absence of ENO*61/*79 heterozygotes in Kissing Point Zoanthus coppingeri and Z. form 2 collections could represent a fixed difference between two cryptic species which do not correspond to either morphological form.
However, ENO*61/*79 heterozygotes are common in other samples, and were detected in larger collections from Kissing Point in a previous study (Burnett et al. 1995) . Consequently the heterozygote deficit detected here may reflect sampling error. All Zoanthus samples except Z. vietnamensis are considered to be members of Z. coppingeri. Zoanthus coppingeri could potentially include several nominate species from Australia which were not identified in this study (Z. jukesii Haddon and Shackleton, 1891 , Z. macgillivrayi H. & S., 1891 , Z. annae Carlgren 1937 , Z. mantoni Carlgren 1937 , Z. fraseri Carlgren 1937 but which are described from the same localities and which are indistinguishable in their external appearance from Z. coppingeri. These species were defined by Carlgren (1937) on the basis of differences in the structure and distribution of nematocysts. Such differences were considered by Muirhead (1989) not to be valid specific characters. Zoanthus coppingeri was described as Z. mantoni by Ryland and Muirhead (1993) and probably also includes Z. pacificus (Walsh and Bowers, 1971) . In contrast, the status of Zoanthus vietnamensis is clear, as it shows fixed gene differences at seven loci in comparisons with other Zoanthus samples and is morphologically distinct.
The power of our analysis is limited by the number of loci surveyed and to some extent by sample sizes. The possibility of closely related sibling species being present within the seven species delimited here cannot be discounted. Low levels of genetic differentiation among closely related morphological species occurs in other cnidarians (e.g. Sole´-Cava et al. 1985; Miller and Benzie in press ). Fixed differences among incipient species may take a long time to arise, particularly if effective population sizes are large (Wright 1978) . Large effective population sizes seem likely given that gene flow among GBR zoan-thid populations on different individual reefs can be high (Burnett et al. 1994 (Burnett et al. , 1995 . Gene frequency differences should arise considerably faster than fixed differences, but larger sample sizes than ours would be required to reliably detect them.
Identification of species in the field
A dichotomous key to those members of the family Zoanthidae identified here is given in Table 5 , based on external characters which are easily interpreted in the field. The key includes Isaurus tuberculatus, not found during this study but previously reported from the GBR (Muirhead and Ryland 1985; Ryland and Muirhead 1993) . Variation in features for visual identification of this species have not been evaluated by genetic means and diagnostic features are those of Muirhead (1989) .
Phylogeny and evolution of Zoanthidae
Two main views of the phylogeny of the zoanthids have been proposed prior to the advent of genetic data. These views, in specific relation to the Zoanthidae and their relationship with Parazoanthus dichroicus, are illustrated in Fig. 4 . The classical view of Haddon and Shackleton (1891) is based on mesenterial arrangement (Fig. 4a) . The Zoanthidea are divided into suborders Macrocnemina (fifth dorsal mesentery perfect) and Brachycnemina (fifth dorsal mesentery imperfect). This view has been tacitly accepted by most workers including, most recently, Muirhead (1989) . An alternative view by Schmidt (1974) is based on differences in the cnidom (Fig. 4b ). Schmidt's ''late Zoantharia'' possess ''special'' microbasic b-mastigophores (nomenclature of England 1991) in the scapus. Genetic data provide a means of testing these two hypotheses. In genetic analyses, Parazoanthus dichroicus forms a natural outgroup (Fig. 2) . Genetic distance measures show this species to be more distantly related to the Zoanthidae than members of the Zoanthidae are to one another. The use of this species as an outgroup in the maximum likelihood (CONTML) analysis therefore appears justified. The failure of P. dichroicus and Zoanthus spp. to form a monophyletic group refutes Schmidt's (1974) assertion that special microbasic b-mastigophores are a derived character of a (Parazoanthus, Zoanthus) clade. Instead, the genetically based phylogeny supports the classical systematic view of Haddon and Shackleton (1891) .
The genetic analysis has shed light on two specific questions concerning the status of the genera Protopalythoa and Zoanthus. Firstly, from the data presented here the three Protopalythoa spp. cannot be treated as a monophyletic group and validity of the genus therefore appears doubtful. Genetic identities among all four Palythoa and Protopalythoa species are within the range suggested by Thorpe et al. (1978) for congeners. However, several physical features separate the two putative genera, particularly the number of tentacles (generally more in Protopalythoa spp. than in Palythoa spp., Ryland and Fig. 3 . Phylogeny of Zoanthidae using Parazoanthus dichroicus as a genetic outgroup. Estimated using a maximum likelihood method for gene grequencies which uses loci as characters with polymorphic states (CONTML, Felsenstein 1993) . Percentiles indicate the number of times the group to the right occurred in the set of bootstrapped trees. Figures indicate alleles which are markers for the group to the right (Fig. 3) as in A Muirhead 1993), and the extent to which polyps are embedded in the coenenchyme (completely in Palythoa spp., little if at all in Protopalythoa spp.). Furthermore, spawned ova from Pro. sp. 1 contain zooxanthellae (Ryland and Babcock 1991), while those from P. caesia do not (Burnett 1995b) . Further work will be required to resolve the status of these two genera.
The two Zoanthus species do not appear as a monophyletic group in the phylogenetic analysis (Fig. 3) . However, morphological criteria strongly suggest that Zoanthus species are closely related to one another relative to species in other genera. Hence there is a contradiction between genetic and morphological data with regards to the systematics of Zoanthus.
The genetic phylogeny is not well supported by bootstrap values, a consequence of a relatively low number of characters (14 loci) and large numbers of autapomorphies relative to synapomorphies. However, the tree is for the most part well supported by morphological characters, including mesenterial arrangement, sphincter muscle position, sphincter muscle structure (single or double) and sediment encrusting habit. Because of this, the genetic based phylogeny (Fig. 3) is likely to be an accurate, natural representation of systematics within the Zoanthidae. Less confidence is placed in the phylogeny in the two cases where genetic and morphological results are contradictory. A more powerful analysis would be helpful in resolving the questions concerning the two genera Zoanthus and Protopalythoa. Preliminary sequence data from 28S rDNA suggest that Protopalythoa is indeed monophyletic and should be considered a valid genus (Burnett 1995b) .
In summary, allozyme electrophoresis has succeeded in delimiting seven groups of zoanthid morphs which are considered to be reproductively isolated species. The genetic data strongly suggest that a significant number of nominate zoanthid species represent morphotypes or ecotypes within a single species. Eight GBR species of Zoanthidae, including the most common and ecologically important, are now identifiable in the field. There is considerable morphological variation within species, the genetic basis of which remains to be determined. Genetic data suggest that the Zoanthidae as defined by Haddon and Shackleton (1891) are a valid natural group. Nematocyst data appear less useful in resolving systematic relationships within the order Zoanthidea than was suggested by Schmidt (1974) . More genetic data are required to resolve problems with the systematics of the genera Protopalythoa and Zoanthus.
